Arbuscular mycorrhiza (AM) fungi deliver mineral nutrients to the plant host in exchange for reduced carbon in the form of sugars and lipids. Colonization with AM fungi upregulates a specific host lipid synthesis pathway resulting in the production of fatty acids. The fungus Rhizophagus irregularis accumulates predominantly palmitic acid (16:0) and the unusual palmitvaccenic acid (16:1 Δ 11cis
Introduction
Mycorrhiza fungi establish symbiotic interactions with plant roots. The fungi provide mineral nutrients, particularly phosphate, to the host, in exchange for reduced carbon [1] . AM fungi establish an intricate membrane system in the cytosol of the root cortex cell, the so-called arbuscule, where nutrient and carbon exchange takes place [2] . Previously, it was believed that carbon is transported to the fungus solely in the form of carbohydrates. The fact that AM fungi lack the genes for fatty acid de novo synthesis, together with recent evidence that plant-derived fatty acids accumulate in the fungus, demonstrated that in addition to carbohydrates, fatty acid-containing lipids are transferred from the plant to the fungus [3] [4] [5] [6] .
In line with this scenario, expression of host specific genes (e.g. DIS, FatM, RAM2) involved in fatty acid and lipid synthesis is upregulated during colonization. The DIS gene encodes plastidial β -keotacyl-acyl carrierer (ACP) synthase I (KASI) involved in the production of palmitoyl-(16:0)-ACP [6] . FatM encodes a plastidial acyl-ACP thioesterase, with high activity for hydrolysis of 16:0-ACP [7, 8] . After export from the plastids, fatty acids are converted into acyl-CoA thioesters. The RAM2 gene product produces sn2-acyl-glycerol form glycerol-3phosphate and acyl-CoA, with preference for 16:0-CoA [3] . Recently, methyl-myristic acid (methyl-14:0) was shown to induce spore formation of R. irregularis [9] . Furthermore, myristic acid (14:0) supplementation to the medium was sufficient to support hyphal growth in axenic culture, 14:0 was taken up by the fungus and metabolized [10] . Taken together, these results suggest that a 14:0 or 16:0-containing lipid most likely is transferred from the host to the fungus where it serves as carbon source in addition to carbohydrates.
While AM fungi genomes lack the genes of fatty acid de novo synthesis, they do contain genes encoding fatty acid desaturases and elongases [4] . Therefore, AM fungi can desaturase and produce very long chain fatty acids from precursors such as 14:0 or 16:0 [11] . The major fatty acids in AMF are 16:0 and 16:1 Δ 11cis (11-cis-palmitvaccenic acid; 16:1 ω 5cis ). 16:1 Palmitoleic acid, oleic acid, and gondoic acid are not AM fungi-specific, because they are found in non-colonized plant roots [11, 13] . AM fungi additionally contain C20, C22 and C24 fatty acids. Of these, 20:3 is the predominant one with 0.2 -1.5 mol% in R. irregularis [11, 13] .
16:1
Δ 11cis is only found in AM fungi but is absent from plants and from most other fungi except for low amounts in the ectomycorrhiza fungi Pisolithus tinctorius and Laccaria bicolor [14, 15] . 16:1 Δ 11cis is also found in some bacterial species, including Cytophaga hutchinsonii or Lactobacillus spp. [16, 17] . In some moths, 16:1 Δ 11cis serves as intermediate for the synthesis of sex pheromones. In Trichoplusia ni, 16:1 Δ 11cis is chain-shortened to 14:1 Δ 9cis and 12:1 Δ 7cis , the latter being reduced to the alcohol and acetylated, forming the active pheromone cis-7dodencenyl acetate [18] . In the small ermine moths Yponomeuta evonymella and Y. padella, 11-cis-hexadecenol-acetate is directly used as sex pheromone [19] .
In AM fungi, 16:1 Δ 11cis accumulates in different glycerolipids, mostly in the storage lipid triacylglycerol, but it is also found in phospholipids [4, 13] . Because of the rather unique presence in AM fungi, 16:1 Δ 11cis and of other specific fatty acids (e.g. 20:3), these fatty acids were used as lipid biomarkers for AM fungi under laboratory and field conditions [12, 20, 21] .
In line with this scenario, the rate of colonization with R. irregularis correlates with the accumulation of 16:1 Δ 11cis in colonized roots [22] [23] [24] .
The gene involved in 16:1 Δ 11cis production in AM fungi remained unknown. Evaluation of the R. irregularis genome and transcriptome revealed the presence of one sequence (RiOLE1) with high similarity to the Saccharomyces cerevisiae OLE1 (oleic acid dependent1) gene, and a second sequence (RiOLE1-LIKE) with lower similarity [4] . In addition, the R. RiOLE1-LIKE was subsequently introduced into transgenic tobacco and Camelina, to evaluate its capacity to produce 16:1 Δ 11cis in a plant system, and the phylogenetic distribution of RiOLE1-LIKE in symbiotic and non-symbiotic fungi was investigated. 7 desaturases belong to Clade III and show highest similarity with R. irregularis RIR 1928200 (designated RiOLE1), and the second most similar sequence is RIR 2584800 (RiOLE1-LIKE).
Expression of the two genes was recorded in Daucus carota roots growing in tissue culture which were infected with R. irregularis (+ myc, intraradical mycelium, IRM) and extraradical mycelium (ERM). Semiquantitative RT-PCR with total RNA revealed that expression of RiOLE1 and RiOLE1-LIKE is similar in IRM and ERM, even though RiOLE1-LIKE shows stronger overall expression (Supplementary Figure S2A) . Therefore, expression of RiOLE1 or RiOLE1-LIKE is not upregulated in the fungus during AM colonization, but the two genes are constitutively expressed.
To study the biochemical function of R. irregularis RiOLE1 and RiOLE1-LIKE, the two cDNAs were transferred into the fatty acid-auxotroph yeast Δ ole1 mutant. This yeast mutant is deficient in the 18:0-CoA Δ 9 desaturase and therefore can only grow after supplementation of unsaturated fatty acids such as oleic acid (18:1 Δ 9cis ) to the medium.
Introduction of RiOLE1 or RiOLE1-LIKE both resulted in complementation of the growth deficiency of Δ ole1 (Figure 1A, B ). The yeast Δ ole1 mutant was used to examine the fatty acid desaturation products after heterologous expression of RiOLE1 and RiOLE1-LIKE by GC ( Figure 1C ). Expression of RiOLE1-LIKE led to the accumulation of the mycorrhiza signature fatty acids, 11-cis-palmitvaccenic acid (16:1 ), and RiOLE1 expression slightly affected the myristic acid (14:0) content. However, no desaturation product of 14:0 (14:1) was detected in any yeast strain.
RiOLE1 and RiOLE1-LIKE gene expression in the different yeast cultures was determined by semiquantitative RT-PCR ( Figure 1D ). RiOLE1 and RiOLE1-LIKE were expressed to the same extents in the recombinant yeast cultures, indicating that the differences in fatty acid desaturation are due to different activities or substrate preferences of the enzymes.
Determination of double bond position of mycorrhiza-signature fatty acids
The double bond position of unsaturated fatty acids can be determined after covalent modification of double bonds with dimethyldisulfide followed by GC-MS analysis, giving rise to peaks with specific retention times and fragmentation patterns. Therefore, total lipids isolated from the different yeast Δ ole1 strains were converted into methyl esters and derivatized with dimethyldisulfide ( Figure 2 ). Four monunsaturated fatty acids were present in the total fatty acid extracts (Supplementary Figure S3 ). Their fragmentation patterns allowed the identification of the double bonds at Figure S3 ).
Heterologous expression of RiOLE1 and RiOLE1-LIKE in transgenic plants
To characterize the two R. irregularis desaturases in a non-fungal background, Agrobacterium harboring vectors with the RiOLE1 and RiOLE1-LIKE cDNAs were infiltrated into Nicotiana benthamiana leaves for transient expression ( Supplementary Figure S4 ).
Expression of RiOLE1 resulted in an increase in oleic acid in non polar lipids, galactolopids and phospholipids, accompanied by increased 18:2 content in non polar lipids and phospholipids (Supplementary Figure S4A ). RiOLE1-LIKE expression in N. benthamiana leaves led to the accumulation of 16:1 Δ 11cis , particularly in neutral lipids and phospholipids but not galactolipids (Supplementary Figure S4B ). These results are in agreement with the data obtained from heterologous expression in yeast and demonstrate that RiOLE1 and RiOLE1-LIKE encode a Δ 9 and Δ 11 desaturase, respectively.
It is known that unusual fatty acids such as 16:1 Δ 11cis are excluded from plant membrane lipids, but they can accumulate in the seed oils of many plants [38] . We therefore expressed RiOLE1-LIKE using a seed-specific promoter in Camelina to study the fatty acid composition of the oil in mature seeds. Fatty acid measurement showed that 16:1 Δ 11cis accumulated to 0.03 -0.08 mol% in single transgenic RiOLE1-LIKE expressing Camelina seeds ( Supplementary Table S2 ), while it was undetectable in WT seeds. In addition, the content of 20:1 Δ 11 increased from 12.7 mol% to 17.5 -20.5 mol% when RiOLE1-LIKE was expressed. The very low amount of 16:1 Table S2 ). Expression of RiOLE1-LIKE in transgenic CpuFatB1 seeds resulted in the increase in palmitvaccenic acid content to 0.24 -0.82 mol% ( Supplementary   Table S2 ). Likewise, the content of 20:1 Δ 11 was slightly increased, albeit total amounts were lower compared with CAM139 transformed seeds. Taken together, RiOLE1-LIKE expression in the seeds of Camelina resulted in the accumulation of 16:1 Δ 11cis , albeit with low amounts, and the amount was increased but still < 1 mol% in a high pamitic acid Camelina line.
Addition of exogenous fatty acids to yeast
To examine fatty acid substrate specificity of RiOLE1 and RiOLE1-LIKE in more detail, fatty acids were added to growing yeast cultures. We first added a stable isotope labeled 16:0 fatty acid ( 13 C 4 -16:0) to follow the incorporation of label into the different desaturation and elongation products. When 13 C 4 -16:0 was supplied to the yeast cells, the 13 C 4 -label accumulated in all fatty acids in WT, but was strongly reduced in 16:1 Figure 4A ). Expression of RiOLE1-LIKE in Δ ole1 led to a very strong increase in 16:1-CoA (43.6 mol%) and to a lesser increase in 18:1-CoA (7.6 mol%) while the amount of 20:0-CoA (2.9 mol%) was decreased. On the other hand, 18:1-CoA increased most predominantly when RiOLE1 was expressed (26.7 mol%). Supplementary Table S1 , Supplementary Figure S4 ). In plants, most desaturation reactions take place on lipid-bound acyl groups, i.e phosphatidylcholine at the ER, before acyl groups are redistributed to other membrane lipids in the leaves or to triacylglycerol in the seeds. Introduction of heterologous acyl-CoA desaturases into plants oftentimes results in low production of the new unsaturated fatty acid because it has to be channeled between the phosphatidylcholine and CoA thioester pools, and this redistribution is slow [43] . RiOLE1; Figure 3B ) indicating that the two enzymes are to a certain degree promiscuous in their substrate specificity and accept a range of long-chain (C15-C18) fatty acids.
Feeding of 13 C 4 -labeled 16:0 revealed the accumulation of the 13 C 4 -label in all endogenous yeast fatty acids ( Figure 4A ). Yeast OLE1 is able to desaturate 16:0 and 18:0 [41] . When 13 C 4 -16:0 was offered, 13 C 4 -label accumulated in 18:0 (27.0 mol%) in yeast WT.
This was sufficient as substrate for ScOLE1 to produce 13 C 4 -18:1 Δ 9cis , even though this product only accumulated to 7.4 mol%. Using the same conditions, no 13 C 4 -label was found in 18:1 Δ 11cis in Δ ole1 expressing RiOLE1-LIKE, even though sufficient substrate was available (42.5 mol% of 13 C 4 -18:0). Therefore, RiOLE1-LIKE has much poorer activity on 18:0 than yeast ScOLE1, and consequently RiOLE1-LIKE has a strong preference for the 16:0 substrate ( Figure 1C 
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